The addition of a dielectric layer on a slab configuration is frequently utilized in various electromagnetic devices in order to give them certain desired operational characteristics. In this work, we consider a grounded dielectric film-slab, which is externally excited by a normally-incident Gaussian beam. On top of the film-slab, we use an additional suitably selected single isotropic superstrate layer in order to increase the field concentration inside the slab and hence achieve optimal power transfer from the external source to the internal region. We define a quantity of interest, called "enhancement factor," expressing the increase of the field concentration in the film-slab when the superstrate is present compared to the case that it is absent. It is shown that large enhancement factor values may be achieved by choosing properly the permittivity, the permeability, and the thickness of the superstrate. In particular, it is demonstrated that the field in the film-slab is significantly enhanced when the slab is composed by an -near-zero (ENZ) or low-index metamaterial.
Introduction
Increased field intensity in a localized area is required in a variety of applications from simple traditional implementations to complex state-of-the-art experiments. Indicatively, a resonance plasmon mode, characterized by a substantial local electric field enhancement, has been reported to be formed between a gold nanorod and an infinite slab in infrared range [1] . In addition, the optical trapping force on a spherical dielectric particle for an arbitrarily positioned focused beam has been demonstrated in [2] , by using the generalized vector diffraction theory. Moreover, when considering a simple, analytically solvable cylindrical configuration, it has been shown that optical vortices appear which can be used to stably trap particles of particular sizes and index contrasts with the background [3] . Field enhancement of incident near-infrared light has been also investigated in [4] , by using the exhibited surface plasmon polariton from erbium ions in a golden film.
On the other hand, layered, dielectric slab configurations are commonly used in electromagnetic (EM) devices since they possess certain functional advantages such as conformability and ease of fabrication. In particular, dielectric layers, with carefully selected physical and geometrical parameters, are extensively employed to lend particular beneficial characteristics to the considered devices. In [5] , a multilayered dielectric coating has been used in semiconductor laser diode optical amplifiers to reduce the reflection coefficient. Furthermore, a discontinuous parallel-plate waveguide acquiring highly selective frequency features through a narrow rectangular layer, filled with axially anisotropic media, has been proposed in [6] . The effect of a metal cladding on the band structure with a two-dimensional photonic crystal slab has been also analyzed in [7] ; several types of claddings were used and the way that each cladding changes the background crystal has been identified. The fact that a single isotropic (idealized) cloaking layer may successfully suppress the dominant scattering coefficients of moderately 2 Advances in OptoElectronics thin elongated objects, even for finite lengths comparable with the incident wavelength, has been pointed out in [8] . Finally, in [9] , an additional cloaking dielectric layer has been exploited in a microstrip receiving antenna in order to render it as low profile as possible and also mitigate its EM response.
In this work, we combine the two aforementioned concepts, namely, the potential field enhancement by the addition of extra layers, in order to examine possible improvements offered in a relatively simple scattering configuration. More precisely, we consider the basic structure of a perfect electric conducting (PEC) grounded dielectric filmslab, which is frequently employed in several EM devices, see for example, [10, 11] . The slab structure is externally excited by a normally incident Gaussian beam; such an incident wave is commonly considered in similar configurations [12] . On the top of the dielectric film-slab, we use an additional superstrate layer, with controllable permittivity and permeability, in order to increase the induced field concentration inside the original film-slab. In this way, we seek to achieve an optimal transfer of the EM power from the external source to the internal region, where enhanced intensity is required. We solve semi-analytically the related boundary-value problem, and then define a basic quantity of interest expressing how large is the field concentration in the film-slab when the superstrate layer is present compared to the case when it is absent; this quantity is called "enhancement factor." The variations of the enhancement factor with respect to the operating frequency and to the physical and geometrical characteristics of the structure are depicted. It is shown that it is possible to achieve large enhancement factor values by choosing properly the permittivity, the permeability, and the thickness of the superstrate layer. Particularly, it is demonstrated that the film-slab's field is significantly enhanced when the slab is composed by an -near-zero (ENZ) or low-index metamaterial.
Geometrical Configuration and Incident Field
The under consideration two-dimensional (2D) configuration, as well as the respective Cartesian (x, y, z) coordinate system, are depicted in Figure 1 . The configuration is comprised of a perfect electric conductor (PEC) plane at y = L + w 1 covered by a dielectric film-slab occupying the area L < y < L + w 1 (region 1). The film-slab is filled by a magnetically inert material with complex relative dielectric permittivity r1 . The structure of the PEC plane and the film-slab is additionally covered by a slab superstrate (region 2) of thickness w 2 < L and relative intrinsic physical parameters r2 and μ r2 . The infinite plane region y < L − w 2 (vacuum region 0) above the superstrate is characterized by permittivity 0 and permeability μ 0 . The entire structure is assumed uniform along the direction z. The adopted time dependence is of the form exp( jωt), with ω = 2π f being the angular frequency, and is being suppressed throughout hereinafter. Under this consideration, the imaginary part of the permittivity r1 is negative (corresponding to passive materials). The remaining relative material parameters r2 and μ r2 are real.
A Gaussian beam, with its source at the origin O of the Cartesian coordinate system, illuminates normally the above described planar configuration. This incident Gaussian electric field is z-polarized and propagates along the y-axis (as will be analyzed below in details). Hence, due to the 2D nature of the configuration, all reflected and refracted electric fields in regions 0, 1, and 2 will also be z-polarized.
The aim of this work is to select suitable geometrical and physical parameters of the superstrate layer (w 2 , r2 , μ r2 ) in order to enhance the intensity of the field induced in the filmslab region 1 by the external Gaussian beam excitation. More precisely, we require the EM field concentration in region 1 to become as large as possible in order to make it feasible for this "trapped" EM energy to be processed efficiently and be subsequently utilized for relevant applications, like for example, the ones pointed out above in the Introduction; see [1] [2] [3] [4] [5] [6] [7] [8] [9] . It is worth to note that we are interested only in the potential enhancement of the induced EM energy in the film-slab and not in the investigation of surface guided waves that may propagate in the infinite slab. For this reason, we consider that the slab is composed of a lossy material, characterized by a complex permittivity r1 , hence constituting waves in the film-slab to become evanescent.
Analysis of the Incident Gaussian Beam

Approximate Expression of the Beam's Envelope.
The electric field of an incident Gaussian beam propagating in vacuum along the +y-axis is expressed as follows:
where k 0 = ω √ 0 μ 0 is the free space wavenumber, while Π(x, y) is the envelope of the beam. It is reasonable to Advances in OptoElectronics 3 consider that Π(x, y) is described by an exponential function involving the product of a complex function β(y) with a −x 2 factor; the latter assures the Gaussian nature of the beam. Hence, we conclude to the expression
where A(y) is a complex amplitude function, while [β(y)] ≥ 0. Next, in order to determine, by analytical means, approximate expressions for A(y) and β(y), we substitute expression (1) of E 0,inc (x, y) into the vector Helmholtz equation for vacuum region 0 and assume that the term proportional to ∂ 2 Π/∂y 2 is negligible, since the main contribution with respect to y in the electric field is contained in the term exp(− jk 0 y). In this way, we result to two first-order coupled nonlinear ordinary differential equations, which are solved exactly yielding [13, 14] 
where S is an arbitrary coefficient measured in area units. We consider that S = −2χ/k 0 , where the parameter χ > 0 has length units. By combining (2)- (4) and separating the real and imaginary parts, we find that the envelope function is given by
where
The parameter χ characterizes the Gaussian beam and will be hereinafter called "concentration length," since it is inversely related to the local power concentration at the source (origin O). In other words, a large concentration length indicates a slowly decaying behavior of the envelope, as |x| and |y| increase. Representative visualizations of the absolute value of the Gaussian beam's electric field for χ = 0.1, 0.3, and 0.9 are depicted in Figures 2(a)-2(c), respectively. 
Fourier Integral Expression of the
Equation (7) expresses a complex function v(x, 0) as a weighted integral of the exponential factors exp( jαx).
Moreover, if a function w(x, y) = z exp( jαx)w(y) satisfies the Helmholtz equation, then it is readily obtained that w(y) = exp(±y α 2 − k 2 0 ). Therefore, by taking into account [13] 
where the envelope Π is given by (5), and considering that the incident field E 0,inc , expressed by (1) and (5), approximately satisfies the vector Helmholtz equation, we result to (see also the discussions in [14] )
The square root is evaluated with a positive imaginary part (in case |α| < k 0 ). We emphasize that (10) is not equivalent to the expression (1) of E 0,inc (with Π given by (5)), since the latter expression satisfies only approximately the Helmholtz equation (the term ∂ 2 Π/∂y 2 was assumed negligible). Now, we assume that an arbitrary 2D layered configuration is excited at y > 0 with a plane wave of the form:
(which is propagating for |α| < k 0 and evanescent for |α| > k 0 ), and we determine the generated scattered field e scat (x, y, α) in each of the layers. Then, the corresponding scattered field due to a Gaussian incident beam is computed by acting with the following operator:
on the vector f = e scat (x, y, α). This conclusion is due to the fundamental principle of superposition and the linearity of the Maxwell's equations. The factor exp(−χα 2 /2k 0 ), appearing in (12) , guarantees the convergence of the integral for |α| → +∞ (recall that χ > 0). Figure 1 is excited by the plane wave
Solution of the Scattering Problem
where the real parameter α determines the direction of propagation; α = 0 corresponds to normal incidence on the layered structure. The radiation functions γ are defined by
with r0 = μ r0 = 1. The electric field in the film-slab region 1 is given by
where C 1 (α) is a complex function of α. By imposing the related boundary conditions, namely, continuity of the tangential electric and magnetic field components on y = L, and the PEC boundary condition on y = L + w 1 , we obtain the following explicit form:
Equations (15) and (16) constitute the solution of the scattering problem due to the plane incident wave (13) . Moreover, we are also interested in the case where the superstrate is absent, namely, r2 = μ r2 = 1 and hence γ 2 (α) = γ 0 (α). For this case the electric field in the film-slab region 1 is given by
where function C 1 (α) takes now the following simplified form:
Equations (17) and (18) provide the solution of the scattering problem due to the plane incident wave (13) impinging on the corresponding configuration of Figure 1 where the superstrate layer is absent.
Enhancement
Factor. Once the plane wave incidence electric field has been determined by means of (15) or (17), the total field induced in region 1, due to the Gaussian beam Advances in OptoElectronics 5 incidence, is computed by using of the operator defined in (12) as follows:
The first and second of the above equations correspond, respectively, to the case with and without the superstrate. Moreover, we remind that the parameter χ (concentration length) is the only degree of freedom characterizing and describing the incident Gaussian beam. The integrations in (19) and (20) are carried out by using conventional numerical integration techniques. In particular, in order to exploit the MATLAB matrix-oriented architecture, we use the embedded trapz(x, Y ) function for ordinary trapezoidal integrations which can accept multidimensional arguments. To be more specific, in compiled languages (like C++), the loop bodies are transformed into machine code only once at compile time. On the other hand, in interpreted languages (like MATLAB), the loop body is interpreted each time a loop is executed. Therefore, it is preferable to perform vectorized operations in MATLAB for repeated integrations. This is feasible only with trapz(x, Y ), where Y can be a multidimensional matrix, contrary to adaptive MATLAB routines such as quad( f , a, b) where a function f is integrated from a to b.
Moreover, we point out that the integrands in (19) and (20) have singularities corresponding to the eigenmode solutions of the slab waveguides formed by the grounded film-slab and the superstrate layer in isolation. However, these singularities are complex since the film-slab has been assumed to be composed of a lossy dielectric material (in order not to deal with possible surface guided waves; see Section 2 above). Hence, they do not contribute to the evaluation of the associated integrals where the integrations are performed on the real axis of the α-plane. Now, in order to estimate the effect of the superstrate layer (region 2) on the total EM power concentrated in region 1, we introduce the follwing "enhancement factor":
This factor represents the ratio of the total field's power induced in the film-slab when the superstrate is present over the corresponding power when the superstrate is absent. The beneficial influence of the superstrate layer, leading to an enhanced power concentration, is demonstrated when EF > 1.
Numerical Results
In this Section, we depict and discuss the variations of the enhancement factor EF versus the superstrate's characteristics w 2 , r2 , and μ r2 as well as versus the operating frequency f . In the following numerical simulations, we choose the material parameters composing the grounded layered slab configuration under consideration according to typical values encountered in similar configurations; see for example, indicatively [3, 4, 15] . In particular, the following parameters remain constant hereinafter (unless stated otherwise): operating frequency f 0 = 300 THz with corresponding fixed wavelength λ 0 , film-slab's thickness w 1 = λ 0 , distance between the source and the film-slab L = 0.5λ 0 , and beam's concentration length χ = 0.1λ 0 . Figures 3(a) and 3(b) show the enhancement factor EF contour plots with respect to the superstrate's relative dielectric permittivity r2 and relative magnetic permeability μ r2 for r1 = 50 − 5 j with (a) w 2 = 0.1λ 0 and (b) w 2 = 0.4λ 0 . The purpose of examining such contour graphs is to find "operation points" with respect to r2 and μ r2 for which the electric field induced in the film-slab region 1 is considerably enhanced. From Figures 3(a) and 3(b) , we observe that such points indeed exist equalling, for example, approximately ( r2 , μ r2 ) = (18, 3) for w 2 = 0.1λ 0 and ( r2 , μ r2 ) = (8, 1.2) for w 2 = 0.4λ 0 . At these two operating points, the EF values are increased to nearly 250%, meaning that the power induced in region 1 of the layered configuration of Figure 1 is nearly 2.5 times the power induced in the corresponding superstratefree configuration. We conclude that several choices exist for operating points with large values of EF ; in particular, by comparing Figures 3(a) and 3(b) , we see that the number of potential operating points increases with the thickness w 2 of the superstrate. The fact that EF may take large values for several choices of r2 , μ r2 , and w 2 offers flexibility in designing the structure and choosing appropriate and realizable material values with respect to the applications under consideration. oscillations decreasing for increasing r2 (μ r2 ) with constant μ r2 ( r2 ).
Also, we point out that additional numerical simulations (not reported here) have demonstrated that the values of r2 and μ r2 giving local maxima of EF are independent of the film-slab's permittivity r1 . Besides, the related maximum values of EF increase with r1 . Now, we turn our attention to the investigation of the associated EM field concentration phenomena encountered in representative optical applications. To this end, we select realizable material parameter values in the optical region, according to those reported in [16] [17] [18] . for a film-slab permittivity corresponding to an -nearzero (ENZ) material [19, 20] or a low-index metamaterial (LIM) [21, 22] . Such materials are known to possess also other remarkable EM properties, including controlling the radiation pattern, and tunneling of electromagnetic energy [19, 20] . On the other hand, Figure 6 meaning that the induced total field inside an ENZ filmslab, covered by the specific superstrate, becomes 50 times the corresponding field in the same slab when the superstrate is absent. Next, we depict in Figures 7(a) and 7(b), the visualization of the total electric field induced inside the film-slab when the superstrate is absent and present, respectively. It is evident that the electric field in the slab is considerably enhanced when it is covered by a suitable superstrate. This fact also verifies that the enhancement factor EF , defined according to (21) , is an adequate measure in order to describe properly the induced field enhancement. Finally, we address the key issue concerning the physical mechanism of the achieved field enhancement. To this end, Figures 8(a) and 8(b) show the visualization of the total electric field induced in the region x ∈ R, L − w 2 < y < L when (a) no superstrate is present, and (b) the region is occupied by the specific superstrate, considered in Figure 7 . Clearly, the field in the region under consideration is significantly reduced when the superstrate is present compared to when it is absent. This fact is directly related with the corresponding significant field enhancement observed inside the film-slab region when a suitable superstrate covers the slab, as depicted and discussed in Figure 7 . Hence, the field is redistributed between the superstrate and film-slab regions in the sense that (i) in the film-slab is significantly enhanced precisely due to the presence of the specific superstrate; (ii) in the region x ∈ R, L − w 2 < y < L is considerably reduced compared to case 1 where the superstrate is absent.
Conclusions
We analyzed the Gaussian beam external excitation of a grounded dielectric slab configuration. The related boundary value problem was solved by analytical techniques. The main focus was given at the investigation of the device's potential application as an electromagnetic power concentrator by suitably altering the physical and geometrical parameters of an additional superstrate layer, lying on top of the device. We defined the "enhancement factor" representing the ratio of the total field's power induced in the film-slab when the superstrate is present over the corresponding power Advances in OptoElectronics 9 when the superstrate is absent. Numerical simulations were presented concerning the achieved enhancement factor of the slab configuration. It was demonstrated that it is possible to achieve large enhancement factor values by choosing properly the permittivity, the permeability, and the thickness of the superstrate layer. In particular, it was exhibited that the film-slab's field is significantly enhanced when the slab is composed by an -near-zero or low-index metamaterial.
Interesting future work directions concern the conduction of a systematic investigation of the optimization of the superstrate's parameters in order to achieve the largest possible enhancement factor values for a given grounded slab configuration.
